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Shelter and Indoor Air in the Twenty-First
Century Radon, Smoking, and Lung
Cancer Risks
by Jacob 1. Fabrikant*
Recognition that radon and its daughter products may accumulate to high levels in homes and in the
workplace has ledto concern aboutthe potential lung cancerriskresultingfrom indoordomestic exposure.
While such risks can be estimated with current dosimetric and epidemiological models for excess relative
risks, it must be recognized that these models are based on data from occupational exposure and from
underground miners' mortality experience. Several assumptions are required to apply risk estimates from
an occupational setting to the indoor domestic environment. Analyses ofthe relevant data do not lead to a
conclusive description ofthe interaction between radon daughters and cigarette smokingforthe induction
of lung cancer. The evidence compels the conclusion that indoor radon daughter exposure in homes
represents apotential life-threatening publichealthhazard, particularly inmales, andincigarettesmokers.
Resolutionofcomplex societal interactionswillrequirepublic policydecisions involvingthegovernmental,
scientific, financial, and industrial sectors. These decisions impact the home, the workplace, and the
marketplace, and they extend beyond the constraints of science. Risk identification, assessment, and
management require scientific and engineering approaches to guide policy decisions to protect the public
health. Mitigation and control procedures are only beginning to receive attention. Full acceptance for
protection againstwhatcould prove to be asignificant public health hazard in thetwenty-first centurywill
certainly involve policy decisions, not by scientists, but rather by men and women ofgovernment and law.
Introduction
This paper discusses the quality ofthe indoor air we
breathe and how its condition may affect the public
health as we enter the twenty-first century. My com-
ments are confined to three problem areas: those of
indoor radon, cigarette smoking, and lung cancer and
howthey maybeinterrelated. The paperonlyaddresses
the risks of lung cancer in exposed populations, how
these have been estimated, and the assumptions and
uncertainties both in the estimation process and in the
assessment ofthe potential health hazards tothe public.
An overview is not attempted of radon and its decay
products in indoor air, nor does the paper discuss
sourcesandtransport processes, the characteristics and
behavior ofradon decay products, or controlling indoor
exposures. These comments deal solely with the basis
for health concerns.
Radon and Its Progeny
The terrestrial radionucide ofincreasing importance
to public health is radon-222, a noble gas and a decay
product of radium-226 in the uranium-238 series. This
gas emanates from the soil and from building materials
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ofterrestrial origin, e.g., stone, bricks, and concrete. It
seeps into homes and office buildings. When ventilation
is restricted this gas may accumulate in concentrations
substantially higher than those prevailing outdoors. In
response to the recent need to conserve energy in the
heating of homes and office buildings, construction
methods that sharply restrict ventilation have been
introduced. As a result, the control of radon levels in
indoor air is becoming increasingly important.
As radon-222 and its progeny undergo radioactive
decay, they emit alpha radiations. Deep within the soil,
radon-222 concentrations can exceed 1000pCi/L (37,000
Bq/m3). Outdoor concentrations ofradon-222 vary con-
siderably, but average about 0.2 pCi/L (7.4Bq/m3) with
much higher concentrations atground level. In terms of
concentration of radon progeny, an average value of
0.001 WL* is representative for an outdoor radon con-
centration of0.1 pCi/L (3.7Bq/m3). The majorpathway
forexposure ofmembers ofthegeneralpublicisthrough
exposure indoors, where on the average of70 to 80% of
thetimeisspent. Becauseclosed structuresdonotallow
for extensive mixing ofair, the concentrations ofradon
in buildings tend to be higher than outdoor con-
centrations. Indoor levels are only moderately higher,
*WL=working level; i.e., a unit of air concentration of potential
alpha energy released from radon and its daughters.J. I. FABRIKANT
averaging about 1.5 pCi/L (55 Bq/m3) and up to 8 pCi/L
(300 Bq/m3) or more, when ventilation is not greatly
restricted. These indoor radon concentrations can vary
widelyfromthe ambient airoutdoorvaluetovaluesthat
are a few thousand times higher. On the average, the
levelofindoorradonprogenyisreportedbytheNational
Council on Radiation Protection and Measurements
(NCRP) to be about 0.004 WL (0.4 pCi/L or 15 Bq/m3).
In contrast, radon concentrations of 100 pCi/L (3700
Bq/m3) or more have been measured in some older
homes and in recently constructed homes designed to
limit ventilation as far as possible. These can be far
greater than levels measured in many uranium mines.
The tissues at risk from exposure to radon and its
progeny include the surfaces ofthe bronchi, segmental
bronchioles, and alveolar membranes. Thesetissues are
exposed primarily to radon daughters, e.g.,
polonium-218, which attach themselves to dust par-
ticles. Wheninhaledthesedepositthemselveswithinthe
respiratory system at locations influenced by particle
size. The epithelium of alveoli receives an estimated
dose equivalent ofapproximately 0.5 rem/y (5 mSv/yr)
whenradonconcentrations inairare 1pCi/L (37Bq/m3).
The dose equivalent to the segmental bronchioles may
be approximately five times higher.
Thus, theimportanttissueisthebronchialepithelium,
which is the site of most lung cancers thought to be
induced by radiation. The major contributors to the
alpha-radiation exposure are the short-lived decay
products ofradon, measurementsthatshowanapparent
log-normal distribution of concentrations in indoor air.
For smokers, the additional exposure to the lungs from
naturally occurring radionuclides in tobacco products
increasesthedoseequivalenttothebronchialepithelium
considerably.
Human Populations at Risk
Current scientific reports concentrate on the health
outcomes due to exposure to radon and its progeny,
primarilybecause ofaneed foracomprehensive charac-
terization of the lung cancer risk associated with ex-
posure to radon and its short-lived daughters in indoor
domestic environments. Estimation oflung cancer risk
appearstobebestderivedfromepidemiological surveys
of underground miners throughout the world who
breathe widely differing levels of radon-222 progeny.
Calculations based on dosimetric models of the respi-
ratorytractarecomplex, andvaluesarebasedlargelyon
the location of the target cells in the bronchial ep-
ithelium, the physiological processes involved in the
variable dosimetry, and uncertainties introduced by
numerous confounding riskfactors such as smoking. All
oftheepidemiologicalsurveys arepresentlyinprogress;
the human data on lung cancer induction by radon pro-
genyarelimited. Nodataarecompleted, andtheperson-
yearsoffollow-uparestillrelativelysmall, sothatuntila
sufficient number ofthe study populations have died-
most in the next century-the lifetime carcinogenic
risks of alpha-radiation exposure remain uncertain.
Permissibleconcentrations ofradonprogenyinaircan
be derived mathematically by calculating the con-
centrationsinthetissues. Themathematicalprocedures
are quite staightforward; it is the fundamental and
physiological assumptions that have proved difficult.
For these reasons the need for guidance on protection
fromthepotentialhealthhazardsofradonanditsdaugh-
ter products is of current and future concern. For a
considerable period, such guidance has been directed
primarily to those occupationally exposed in the work-
place, for example, uranium miners. Now, othergroups
ofpersonsarebeingconsidered, andtheircircumstances
differ from those occupationally exposed. We now in-
clude the general population, pregnant women, chil-
dren, andpersonswhosufferfromhealthconditionsthat
might render them more sensitive to radiation injury.
Furthermore, the biological assumptions, mathematical
models, and radiation dosimetry are uncertain. Fol-
lowing deposition of the radionuclide within the body,
the radiation exposure usually has a complex time pat-
tern with varying distribution, and the actual dose and
dose rate in the tissue is often inadequately known.
Estimation of Radon-induced Lung
Cancer Risk
Numerous studies ofunderground miners exposed to
radon daughters in the air of mines have shown an
increased risk of lung cancer in comparison with non-
exposed populations (1). Laboratory animals exposed to
radon daughters also develop lung cancer. Abundant
epidemiological andexperimentaldataestablishthecar-
cinogenicityofradonprogeny(1-6). Theseobservations
are of considerable importance because uranium, from
which radon and its progeny arise, is ubiquitous in the
earth's crust, and radon in indoor environments can
reach relatively high levels. Nevertheless, while the
carcinogenicityofradondaughtersisestablishedandthe
hazardsofhighlevelsofexposureduringminingarewell
recognized, therisksofexposuretolowerlevelsofradon
progeny have not yet been adequately characterized.
However, riskestimates ofthehealthoutcomesoflower
levelsofexposure are neededtoaddressboththepoten-
tialhealtheffectsofradonandradondaughtersinhomes
and to determine acceptable levels ofexposure in occu-
pational environments.
Twoapproaches arecurrentlyusedtocharacterizethe
lung cancer risks ofradon-daughter exposure. The first
is the use ofmathematical representations ofthe respi-
ratory tract that model radiation doses to target cells.
Thesecondistheuseofepidemiologicalinvestigations of
exposed populations, mainly underground miners. The
dosimetric approach provides estimates oflung cancer
risks ofradon-daughter exposure that are based specif-
ically on modeling the radon-daughter dose to target
cells. Anumberofdifferentdosimetricmodelshavethus
farbeendeveloped; allrequire certainrelevant assump-
tions. Some are not subject to direct verification con-
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cerning the deposition ofradon daughters in the respi-
ratory tract and the type, nature, and location of the
target cells for cancer induction. Because of these as-
sumptions, the uncertainties, and the technical difficul-
tiesencounteredinthisapproach, itappearsprudentnot
to use dosimetric models solely for calculating the lung
cancer risk estimates. However, the dosimetric ap-
proach is ofconsiderable value, and the results ofsuch
dose-effect models are used to extrapolate lung cancer
risk coefficients derived from the epidemiological stud-
ies ofoccupational exposure ofthe underground miners
to the general population in indoor domestic en-
vironments.
The use of available epidemiological data has advan-
tages because the studies of radon-daughter exposed
miners provide a direct assessment of human health
effects. While each investigation has limitations, the
approach of a combined analysis ofthe major data sets
permits acomprehensive assessment ofthe lung cancer
risksofradon-daughterexposure andoffactorsinfluenc-
ingthe riskofexposure. Inanalyzing original data sets,
a descriptive analytical approach may be used rather
than statistical methods based on conceptual models of
carcinogenesis or radiation (dose-response) effects. In
the current 1988 BEIR IV Report (1), the National
Research Council Committee obtained primary data
sets from four of the principal and most complete epi-
demiological studies of radon-exposed underground
miners (the Ontario uraniumminers, the Saskatchewan
uranium miners at Beaverlodge, the Swedish iron
miners atMalmberg, andthe Colorado Plateauuranium
miners) and developed risk models for lung cancer that
were derived from its own formal statistical analyses.
Thefollow-upexperienceofthegroupsanalyzedtotals
about500,000person-years atriskandincludes459lung
cancer deaths. There are important differences among
the four studies includingthe duration offollow-up, the
exposurerate, andthedegree ofuncertainty andpoten-
tial biases in the estimated exposures. These factors
were evaluated extensively and were examined to the
possible extent in the epidemiological analysis.
Using statistical regression techniques appropriate
forsurvivaltime data, the risk orprobabilityofdyingof
lung cancer because ofradon-daughter exposure in the
combined cohorts and inthe absence ofsmokingmaybe
best described by acomplextime-since-exposure statis-
tical model. In this time-since-exposure relative risk
model, although simple inits mathematicalformulation,
the excess relative risk varies with time since exposure
rather than remaining constant and depends on age at
risk. This expression, therefore, is a departure from
most previous risk models that have assumed that the
relative risk is constant over both age and time. Radon
exposures more distant intime have a somewhat lesser
impactontheage-specific excessrelativeriskthanmore
recent exposures. Moreover, the age-specific excess
relative risk is higher for young persons and declines
with older ages. The relative risk form provides a
simpler description ofobserved lung cancer risks in the
minercohorts; itrequiresfewervariablesthanwould an
absolute risk form.
Recognitionthatradonanditsdaughterproductsmay
accumulate to high levels in homes has led to concern
about the potential lung cancer risk resulting from ex-
posure to radon progeny in indoor domestic environ-
ments. While such risks can be estimated with the de-
rivedmathematical expressionforexcessrelativerisks,
it must be recognized that the epidemiological model is
based on data from occupational exposure of under-
ground miners. Several assumptions are required to
transfer risk estimates from an occupational setting to
the indoor domestic environment: a) that the epidemi-
ological findings in the underground miners could be
extended across the entire lifespan, b) that cigarette
smoking and exposure to radon daughters interact
multiplicatively, c) that exposure to radon progeny in-
creases the risk of lung cancer proportionally to the
sex-specific ambient risk of lung cancer due to other
causes, and d) that a unit of radon-daughter exposure
yields an equivalent radiation dose to the respiratory
tract and to the bronchial epithelium in both occu-
pational and domestic environmental settings. It was
concluded that additional data on ventilation rates and
aerosolcharacteristics inminesandhomesareneededto
address quantitatively the comparative dosimetry of
radon daughters in the occupational and domestic envi-
ronmental settings.
Based on the estimates of excess relative risks per
WLM* (the unit of exposure to radon progeny that is
derived from analysis of the four miner cohorts exam-
ined) and the assumptions, it is possible to project well
into the twenty-first century, the lung cancer risks,
lifetime risks, risk ratios, average lifespans, and aver-
age years of life lost for U.S. males and females for
various exposure rates and durations of exposure, and
estimated risks conditional on survival to a particular
age and for smokers and nonsmokers of either sex.
These risk projections cover exposure situations of
current public health concern. Lifetime exposure to 1
WLM/yr is estimated to increase the number ofdeaths
due to lung cancer by a factor of about 1.5 over the
current rate for both males and females in a population
having the current prevalence of cigarette smoking.
Occupationalexposureto4WLM/yrfromages20to40is
projected to increase lung cancer deaths in males by a
factorof1.6overthecurrentrateofthisagecohortinthe
general population. In all of these cases, most of the
increasedriskoccurstosmokers, forwhomtheriskisup
to ten times greater than for nonsmokers.
Comparisons of estimates ofthe lifetime risk oflung
cancer mortality due to a lifetime exposure to radon
progenyintermsofWLMand alpha-particle dosetothe
targetcellsofthebronchialepithelium, madebythisand
other scientific committees over the past decade, yield
similarlungcancerriskcoefficients (Table 1). Itmustbe
*WLM =workinglevelmonth; i.e., aunit ofexposure to air concen-
trations ofpotential alpha energy released from radon daughters.
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Table 1. Estimates oflung cancer risk due to exposure
to radon progeny.
Excess lung cancer
Study deaths/106 person-WLM Reference
1988 BEIR IV 350 (1)
National Academy
of Sciences
1987 International 180-230 (2)
Commission on
Radiological
Protection
1984 National Council 130 (3)
on Radiation
Protection and
Measurements
1981 International 150-450 (4)
Commission on
Radiological
Protection
1980 BEIR III 730 (5)
National Academy
of Sciences
1977 United Nations 200-450 (6)
Scientific Committee
on the Effects of
Atomic Radiation
remembered, however, that in each of the six studies,
the epidemiological data available, the dosimetric and
statistical models applied, and the assumptions intro-
duced, were quite different and with differingand alter-
native methods of analysis. Nevertheless, the excess
lung cancer deaths per million person year WLM range
within a factor of about two at most.
The uncertainties that affect the estimates ofthe lung
cancer risk include a) random and possibly systematic
errorsintheoriginaldata on exposureandlung cancerin
the miner populations analyzed, b) inappropriate statis-
tical models for analysis or incorrect specification ofthe
components ofthe models, c) sampling variation, and d)
incorrect description ofthe interaction between radon-
daughter exposure and cigarette smoking. In addition,
the actual computed lifetime lung cancer risks and ex-
pected years of life-shortening depend on the age-
specific disease rates of the referent population, here,
the 1980to 1984 U.S. populationmortalityrates. Projec-
tions based on a different referent population would be
expected to differ, although the ratio of lifetime risks
and years of life lost to ambient values may be more
stable across populations.
Review ofthe literature and analyses ofthe relevant
data do not lead to a conclusive description ofthe inter-
action between exposure to radon daughters and ciga-
rette smoking. Severaldatasetshavebeenanalyzedand
suggest a multiplicative interaction for risk projections
on arelative riskscale. Asubmultiplicative modelis also
consistent with the data analyzed. Neither additive nor
subadditive models appear consistent with these data.
Ongoing research in the U.S. and other countries has
provided data on concentrations of radon and radon
progenyinhomes. These studies have also described the
sources ofradon and determinants ofits concentration.
There appears tobe alog-nornal distribution with very
wide variation of levels of radon and radon progeny in
U.S. homes(7), with an average of about 1.5 pCi/L (55
Bq/m3); about 2% ofhomes exceed levels of8pCi/L (300
Bq/m3), much greaterthan permissible levels of4 pCi/L
(150 Bq/m3) in mines recommended by the U.S. Envi-
ronmental Protection Agency. A few epidemiological
investigations of the lung cancer risk associated with
radon-daughter exposure in homes have been carried
out, but the study populations have been small and the
results remain inconclusive. These studies are, at pres-
ent, inadequate forthe purposes ofriskestimation. For
this reason, the lung cancer risk projections for the
general population can only be based on the epidemi-
ological studiesofminers. Estimatesoflungcancerrisks
from studies on miners can be used to estimate the
potential lungcancerrisk from elevated levels ofindoor
radon. However, the estimates derived are uncertain,
particularly since differences between mining and in-
door domestic environments and the interaction be-
tween smoking and exposure to radon progeny remain
incompletely resolved.
Comparisons of Lung Cancer Rates
To provide some perspective of the lung cancer risk
duetoradonexposure, comparisonsmightbemadewith
the expected riskinthe U.S. Anestimated 130,000lung
cancer deaths occurred in 1986; 89,000 in males and
44,000 in females. About one death in twenty is due to
lungcancer, alifetime risk of5%. It has been estimated
that cigarette smoking is responsible for 85% of lung
cancers among men and 75% among women, some 83%
overall. The lifetime risk oflung cancer for nonsmokers
is somewhat less than 1%. Even for the nonsmoker,
passivesmokingmaycontributetothis 1% orless; ithas
been estimated that passive smoking may be a con-
tributor to this 1% in U.S. nonsmokers. On average, a
smoker's risk is about 10 times that of a nonsmoker.
However, the role ofsmoking as aconfoundingfactor
is stillnotclearfromanalyses oftheunderground miner
data, and the effect of smoking on radon risk depends
strongly on the type ofinteraction, whether additive or
multiplicative. Accordingly, it is very difficult to deter-
mine the precise risk ofexposure to indoor radon prog-
eny to the general public in the presence of the more
proven causative agent, cigarette smoking. Based on
NCRP modeling and risk estimates, the annual number
oflung cancer deaths attributable to an average indoor
air radon exposure of 0.004 WL in a continuously ex-
posed population of 240 million is about 7000/year, but
could be as high as 10,000/year. Based on the BEIR IV
modeling and risk estimates, the lung cancer deaths
attributable toradonprogenyexposurearecalculatedto
be higher. In both estimates, the excess deaths are in
both smokers and nonsmokers and include exposure to
passive smoke.
A satisfactory method of treating the confounding
278RADON, SMOKING, AND LUNG CANCER RISKS
factor ofsmoking in lung cancer risk assessment and in
establishinglevels forprotectingthehealth ofthepublic
has not as yet been developed. Thus, the precise radon-
induced lung cancer risk in the nonsmoker is uncertain,
and the overall effectiveness of mitigating and pro-
tective measures remain in doubt. Based on the avail-
able information, however, the radon risk to the non-
smokerappears tobe muchlessthanhas beenpresently
estimated. Protective measures are likely to be most
effective in reducing radon risk to smokers who are
already at very high risk.
Radon-related Problems Evolving in
the Twenty-First Century
Radon-related research undertaken during the past
decade hasprovided much ofour currentinformation on
radon concentrations in homes and in the workplace,
factors that influence indoorconcentrations and the risk
of lung cancer associated with indoor exposures. The
results indicate the need for further health-related in-
vestigations. Discoveries of exceptionally high indoor
radon concentrations inthe eastern U.S. alsoraised the
level of public concern. The increased scientific and
public interestresulted inthe initiation ofmore compre-
hensive research programs in order to respond to the
public health concerns and provide a stronger basis for
formulating national policy decisions.
Only a small number ofhomes and occupational envi-
ronments have been surveyedtocharacterize the vector
aerosols in indoor air to which radon progeny attach.
Better knowledge ofthe types ofaerosols in homes and
inofficebuildingsisrequiredbeforepredictivemodelsof
radon progeny behavior can be formulated. It is likely
that the vector aerosols are influenced by seasonal vari-
ations, geographic location, presence of cigarette
smokers, and home and office ventiliation patterns.
New health-related research is also needed to com-
pare the deposition patterns of inhaled radon progeny
for adult men in mine atmospheres with those for male
and female adults and children in homes. Such studies
canthenbeapplied todetermine theinfluence ofaerosol
parameters, body size, and breathing patterns for the
purpose of extrapolating exposure-dose-risk relation-
ships obtained for underground miners to evaluate ex-
posures to the general population.
While respiratory tract cancer risk from exposure to
radon progeny in homes may be estimated from the
epidemiological studies of underground miners, these
estimates are uncertain for several reasons. There are
important differences between miners and the general
public: a) the uranium miners only include men with a
limited range ofages; b) the miners were exposed in an
occupational setting that included a variety of toxic
airborne pollutants; c) miner populations have a higher
percentage ofcigarette smokers than the general popu-
lation; d) nonmalignant respiratory disease is more
prevalentamongminers;ande)minersperformheaviest
manuallabor. Also, industymineatmospheres, alarger
fraction of the radon progeny is attached to particles.
Because the fraction ofradon progeny attached to par-
ticles is probably lower in most indoor atmospheres in
homes and office buildings compared to mines, this may
result in higher doses to miners for any given exposure
level.
Informationonradiationdosestoundergroundminers
and potential confounding factors such as cigarette
smoking is incomplete and its validity questionable.
Becausetheminerpopulationisnottypicalofthepublic,
carefully planned epidemiological studies must be car-
ried out to provide more information on the potential
confounding factors, particularly smoking. Comprehen-
sive mathematical models must be developed to relate
levels ofexposure, theradiationdosetobronchialtarget
cells, and respiratory tract cancerin orderto assess the
carcinogenic risk associated with indoor radon. The
health-related risk models will likely be based on the
results of epidemiological studies of underground
miners, but they must properly account for differences
in exposure conditions, age at exposure, cumulative
exposure levels, and cigarette smoking. This will influ-
ence evolving construction methods, environmental
health strategies, and nationalpolicydecisions affecting
air, shelter, and occupational standardsforairqualityin
domestic and workplace settings.
Conclusions
Thepresentneedtoapplylungcancerriskprojections
from surveys ofunderground miners to estimate risk to
the general population from indoor radon introduces
numerous uncertainties and technical difficulties. The
domestic environment has not, as yet, been character-
ized adequately in terms of the variables affecting the
dose and risk from radon progeny. Variations in indoor
radon levels, alterations of aerosol characteristics, and
the impact of active and passive smoking and non-
smoking risk factors suggest that health consequences
resulting from indoor radon exposures require much
more study. There is some wisdom in recommending
continuation of epidemiological studies of lung cancer
resulting from indoor radon exposure and underground
mining surveys, provided such studies have sufficient
statistical power to quantify any significant differences
between the risks in the domestic environmental and
occupational settings. This will permit us to assess the
magnitude ofthe potential lung cancer risk to the gen-
eral public from exposure to radon progeny in indoor
domestic environments, and thereby help place into
perspective the potential ill-effects ofthis environmen-
tal hazard with those pernicious diseases afflicting our
nation's health in the twenty-first century.
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